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Abstract 
Among several methods for CO2 capture and storage, we focus on CO2 sequestration in the form of gas hydrate under 
the seafloor, mainly for many sequestration sites offshore Japan and for little risk of CO2 leakage from the sediment. 
However, it is difficult to evaluate the precise storage potential and cost of this method due to the lack of the relevant 
information. Here, in order to do feasibility studies of this technique so as to make an effective storage method, we 
made a 3-dimentional gas water flow simulator with kinetic hydrate formation. The new design of CO2 hydrate 
formation in porous media under two-phase flow condition was implemented in this simulator, and unknown 
parameters in necessary mathematical models for gas-water flow in sand sediments were verified from the 
comparison between the results of the numerical simulations and the experimental measurements from the previous 
study. 
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1. Introduction 
Global warming has been one of the biggest issues for several decades, and CO2 emission has been 
considered as a main factor of this problem. As Intergovernmental Panel on Climate Change (IPCC) 
mentioned [1], CO2 capture and storage (CCS) is expected to be one of the effective solutions for the 
reduction of CO2 in the atmosphere. Although CO2 storage in sub-seabed aquifer is considered a main 
stream of CCS technology, the capacity of aquifers near Japanese coast lines may be limited and not 
sufficient to meet the target reduction of CO2 emission. In this study, we focus on CO2 storage in the form 
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of gas hydrate. In this sequestration, CO2 gas is injected into marine sediments composed with alternate 
layers of sand and mud, saturated with water at 500 mbsf from the seafloor (1000 mbsl). The gas flows 
selectively into sand layers, which have higher permeability by 10-100 times than surrounding mud layers 
have. After injection, gas fronts move in the sand layers, forming CO2 hydrates. This sequestration has the 
following features; 1) mud layers are widely distributed offshore Japan, so there are many sequestration 
sites, 2) in sand layers, pore volume is large and contact area between CO2 and water is wide and, 
therefore, large amounts of CO2 hydrate form effectively, 3) because the hydrate is solid, the hydrate can 
be sequestrated safely in marine sediments, and 4) the hydrate reservoirs, the permeability of which 
decreases due to the hydrate formation, function as impermeable layers and, hence the risk of CO2 leakage 
can be reduced to the great extent [2]. However, hydrate formation near injection wells is a great risk to 
reduce permeability and this may lead to the blockage of gas flow. In order to ensure large sequestration 
space, it is important that gas front expands over a wide area with avoiding such large permeability 
reduction. 
The bottleneck of this technology is the difficulty to evaluate the precise potential of this hydrate CCS, 
owing to few studies for CO2 hydrate formation behavior in sand sediments. 1-dimentional simulator was 
made with comparative verification of parameters by Inui [3], however, it cannot be applied to the real 
scale simulations. Therefore, one of the objectives of this study is to make a 3-dimensional flow simulator 
by modifying a commercial gas-water 2-phase flow simulator, TOUGH+ HYDRATE [4].  
A series of experiments replicating gas-water flow with hydrate formations in the sand sediment was 
conducted by Inui [5]. By comparing these experimental data and the calculation results, we verified 
unknown parameters and models. 
 
2. Methods 
1.1. Experiment 
Inui [5] conducted a set of experiments by using the experimental setup, which mainly consisted of 
reaction tube, gas plunger pump and cooling unit. The high-pressure stainless steel reaction tube was 
saturated with sand grains and pure water. The internal diameter of the vessel is 50 mm, and the length is 
200 mm. CO2 gas were injected from the cylinder at a constant rate with the mass flow controller, flowing 
down the vessel. Pressure gauges are put on the upper side and the lower side of the vessel and 7 
thermocouples were set in it. The intervals between every two neighboring thermocouples are set 2 cm. 
The differential pressure between upper and lower edges of the sand column, and the change of 
temperature with time from gas injection were measured. Also, the amount of water extracted from the 
bottom was measured by mass flow meter. The initial conditions of experimental case 1, 2 and 3 are listed 
in Tab. 1. 
 
Table 1. initial conditions of experimental case 1, 2 and 3 [2] 
 Case 1 Case 2 Case 3 
Initial Temperature [K] 275.15 278.15 275.15 
Initial Pressure [MPa] 3.1 3.1 4.0 
Injection Rate [Nml/min] 300 300 105 
Injected Gas CO2 CO2 CO2 and N2 
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1.2. Making a 3-dimentional simulator 
3-dimentional simulator was made by modifying a commercial gas-water 2-phase flow simulator, 
TOUGH+ HYDRATE v1.0 [4]. The governing equations for the original version of TOUGH+ 
HYDRATE are shown below. This code uses different sets of 4 equations depending on the phase 
conditions of cell, and the following ones are used under the 3-phase condition (gas, liquid and hydrate). 
Each equation expresses the mass balance for H2O, CO2, CO2 hydrate and heat, respectively. The mass 
flux terms for the gaseous and aqueous phase are described by Darcy s law as: 
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where F is the flux vector of each phase. P is pressure of the grid (Pa), S is the volume saturation (-) for 
each phase, and g is the gravity acceleration vector (m s-2).  and  are the viscosity (kg m-1 s-1) and the 
density (kg m-3) for the gaseous and aqueous phase.  and ks are the porosity and the rock intrinsic 
permeability, set respectively as 0.38 and 1.78 10-11 (m s-1) in this calculation, referring to Sakamoto et al. 
[6]. krG, krA are the relative permeability, which are estimated from van Genuchten s model [7]. 
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Se in these equations is the effective saturation (-) given by: 
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where SAirr is the irreducible water saturation (-) and SGres is the residual gas saturation (-), set as 0.392 and 
0.005 respectively in this study. 
By using these four governing balance equations, a set of 4 primary variables, which are P, SG, SA and 
T (grid temperature (K)) are solved iteratively by Newton-Raphson method.  The flux term and sink and 
source terms on the right side of these equations are treated as fully implicit, i.e., those terms are 
evaluated at the new time level. The other parameters are automatically determined when the primary 
variables are solved. In the original version, the mass fraction of CO2 in aqueous phase is not considered 
as a primary variable and determined based on equilibrium concentration at that condition. This is not a 
critical problem if we try to simulate the extraction of methane hydrate. However, this approximation can 
yield to misleading results in the simulations of gas injection into pure water. For this reason, an 
 Takuya Nakashima et al. /  Energy Procedia  37 ( 2013 )  5986– 5993 5989
additional equation, i.e., the mass balance equation for CO2 in the aqueous phase was installed in this 
original code to determine the mass fraction of CO2 in aqueous phase as a primary variable in this study. 
The model for CO2 gas dissolution rate into the aqueous phase is: 
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where QCO2sol is the gas dissolution rate per unit volume (mol m-3 s-1). C A CO2 are the mole fraction of CO2 
in the aqueous phase (-) and C A,eq CO2 represents the equilibrium mole fraction. A* is the molar density of 
the liquid phase(mol m-3). kt is the mass transfer coefficient (m s-1), which will be determined by 
comparing calculation results to the experimental data. AI is the specific interfacial area (m-1), which 
refers to the model of Peng and Brusseau [8] for estimating the surface area of gas-water interface in 
porous media. We modified this model as Eq. (6) so that AI becomes zero when SA equals to 1.  
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where AS is the specific surface area of sand (m-1) calculated by Kozeny-Carman equation [9] shown in 
Eq. (10). U is the uniformity coefficient, for which we used the value of 1.33 for Toyoura sand [3]. 
 
1.3. Modeling CO2 hydrate formation 
A several types of model for the hydrate formation under gas-water two phase flow in porous media 
were shown before. In this study, we used the following model based on Inui [3]. 
 
22
22
22
1
1 COeq
CO
ASI
fH
CO
eq
CO
G
I
CO
eq
CO
GIfH ffAk
kD
h
ff
AxffxAkQ    
                                                                (11)  
5990   Takuya Nakashima et al. /  Energy Procedia  37 ( 2013 )  5986– 5993 
I
H
A
Sh                                                                                                                                                                                                                       (12) 
)exp( 2hx                                                                                                                                                                                                           (13) 
 
QH is the hydrate formation rate per unit volume (mol m-3 s-1), and the driving force is the gap of CO2 
fugacity (Pa), shown as f, of each phase from the equilibrium (feq). As shown in the right side of the Eq. 
(11), we assumed that there are mainly three kinds of the hydrate formation; formation on the gas water 
interface, growth of the hydrate film formed on the interface, and formation on the sand surfaces in the 
aqueous phase. kf is the kinetic constant of hydrate formation on the gas-water interface (mol m-2 Pa-1 s-1). 
DH in the second term is the diffusion coefficient of CO2 in the hydrate film (mol m-1 Pa-1 s-1). kl is the 
kinetic constant of hydrate formation in water, and set as 4.6 10-9 (mol m-1 Pa-1 s-1) obtained by Clarke 
and Bishnoi [10]. It is assumed that CO2 gas through the hydrate film initially consumed to form CO2 
hydrate. h is the average thickness of hydrate in the grid (m), and x is the average rupture ratio (-) of the 
film, i.e., the ratio of the gas water interface out of AI. These values were simply estimated from Eq. (12) 
and (13), referring to Takahashi [11]. We considered there re two kinds of interfacial area; the interface 
as gas front, and the interface between gas and irreducible water. The rupture ratio of the hydrate on the 
former interface is assumed well bigger than the ratio on the latter interface, whose area increases with 
duration and becomes dominant after the gas front runs through. Therefore, the rupture rate is thought to 
be decreasing over time while Inui [3] assumed x as a constant number. 
 
1.4. Calculation Conditions 
We put a thin layer with no permeability around the cells for sand sediments as the boundary, 
replicating reaction tube made from stainless steel. The pressure and the temperature at the boundary 
were set to be the same as the initial condition shown in Tab. 1. Density, thermal conductivity and 
specific heat of each medium are presented below in Tab. 2. The parameters for Toyoura sand, CO2 
hydrate and stainless steel were set referring to Ikegawa et al. [12], Inui [3] and chronological science 
tables [12]. 
Table 2. Parameters for each medium 
 Toyoura sand CO2 hydrate Stainless steel 
Density [kg/m3] 1.6 103 1.1 103 7.9 103 
Heat conductivity [W/m/K] 7.0 0.49 15 
Specific heat [J/kg/K] 1.8 103 2.1 103 4.8 102 
 
3. Results and discussion 
For the setting of unknown parameters, we focused on Case 1 in the experiments, for it clearly shows 
the temperature behavior accompanied by gas dissolution and hydrate formation. We succeeded in 
installing kinetic gas dissolution into aqueous phase to the original TOUGH+ HYDRATE. The contour 
 Takuya Nakashima et al. /  Energy Procedia  37 ( 2013 )  5986– 5993 5991
maps of gas saturation ratio, CO2 dissolution rate per unit volume and the temperature at the end of 
induction time are presented in Fig. 1. These maps show that gas flows down from the top layer, 
dissolving gradually in water on gas front. The temperature rises when the gas front comes, while the heat 
is transferred to the circumjacent stainless steel, whose temperature remains constant.  
From the comparison between the calculation and the experimental data through induction time, we 
attained the unknown parameters; 2.3  for , and 1.0 10-4 for kt. Fig. 2 shows the comparison of the 
experiment and the calculation for (a) differential pressure and (b) cumulative amount of extracted water 
at stage 1. If  was lower than 2.3, the differential pressure became smaller than the experimental data.  
has a bigger affect on the behaviour of the pressure and discharged water than kt, while too small kt 
couldn t replicate the temperature jump before the hydrate formation started. 
 
 
Fig. 1. The contour maps of gas saturation ratio (left), CO2 dissolution rate per unit volume (middle) and the temperature at the end 
of induction time (right) 
 
 
Fig. 2. Comparison between Inui [3] and the present calculation in time histories through induction time of differential pressure (a) 
and cumulative amount of discharged water from the bottom (b) 
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Fig. 3. Comparison between Inui [3] (a) and the present calculation (b) in time histories of temperature at the thermocouples (T1 to 
T7) at  equals to 1.0·1010 
After the determination of those two parameters, we attempted to replicate the temperature behaviour 
at the thermocouples set in the reaction tube. Fig. 3 shows the when we put  as 1.0·1010. Basically it can 
be assumed that the temperature elevations at each measuring point are caused by gas dissolution heat and 
hydrate formation heat, and the temperature starts to decrease when the cooling from the surrounding 
stainless wall becomes dominant. The hydrate formation starts at 4.6 minutes after starting the gas 
injection which is to say that relatively small temperature rise before this big jump at T1 and T2 is due to 
CO2 gas dissolution. Although the steepness of the rise does not always fit closely with each other, the 
peak temperatures are about the same. Focusing on the behaviour of the temperature at T4 to T7 in both 
graphs, the slopes and the timing of the rises are about to be same, meanwhile the temperature at T1 and 
T2 in the calculation does not exhibit the similar behaviour to the experiment. This may be caused by the 
treatment for the interface between gas-liquid and gas-hydrate phases, for there is no empirical testament 
to the effectiveness of the model of Peng and Brusseau under two phase flow.  
 
4. Conclusion 
We succeeded in making a three-dimensional gas-water phase flow simulator with kinetic gas 
dissolution and hydrate formation in the sand sediment by installing the additional equation in the 
commercial code TOUGH+ Hydrate. From the comparison between the calculation and the experimental 
data, we could verify unknown parameters; 2.3 for , 1.0 10-4 for kt, and 1.0 1010 for . The basic 
behaviours of the temperatures at each measuring point were precisely duplicated, while some conflicts 
still exist mainly at the upper side of the tube. 
For the future tasks, we are going to simulate the experimental result for injecting CO2-N2 mixed gas 
shown as Case 3 in Table 1, and formulate the mechanism of N2 behavior as the inhibitor of hydrate 
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formation. The real-scale simulation is going to be made, assuming the injection into the promising area 
offshore Japan. 
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